Abstract-The paper details the application and handling qualities evaluation through computer-based simulation of an adaptive model reference controller acting on the longitudinal modes of a fighter-type aircraft. Whereas classical control designs depend largely on a priori knowledge of the system dynamics, adaptive control algorithms do not require the same degree of a priori sophistication, or alternately the same controller can be applied on a plant with varying dynamics such as experienced by an aircraft over a wide range of flight conditions. Although the applications of an adaptive controller are well understood, much of the existing research focuses on an adaptive controllers' ability to track a basic input (such as step, ramp, or sinusoid) over a range of time-varying plants. In this research the adaptive controller is evaluated through a series of pilot-in-the-loop tracking tasks utilizing the boundary avoidance tracking technique designed to highlight potential control difficulties which may lead to pilot-in-the-loop oscillations, task abandonment or loss of control. The results presented will serve as a precursor to flight tests of adaptive controllers on-board next generation fighter aircraft.
INTRODUCTION
Adaptive control for control problems is a promising endeavor. The advantages of adaptive methods for flight control are numerous. Adaptive methods are in many cases simpler to implement and program over a wide range of flight regimes with much less gain scheduling required. Another advantage of many types of adaptive methods is the limited requirement for a priori knowledge of the system dynamics to implement the algorithms. This advantage has a corresponding benefit in reducing implementation cost due to the decreased need for expensive wind tunnel testing and computational fluid dynamics to predict aircraft stability derivatives. Adaptive methods may also prove more flexible for handling unknown conditions such as battle damage or subsystem failures thus increasing aircraft safety margins.
u.s. Government work not protected by U.S. copyright. Despite numerous advantages challenges remain in proving stability, optimality and the predictability of aircraft handling qualities. The focus of this paper was to assess the handling qualities of an aircraft model augmented by an adaptive controller. Before embarking on the test program a review of the existing literature was required.
BACKGROUND
The adaptive controller programmed for this aircraft handling qualities evaluation was based primarily on the work of Kaufman, Barkana, and Sobel [I] . This type of direct model reference adaptive controller (direct MRAC) has been shown repeatedly to perform on aircraft flight control problems. Sobel demonstrated the direct MRAC algorithm could stabilize the short period mode of a linear time-varying transport aircraft plant model [2] and also effectively applied a similar method on the lateral axis of model of a fighter aircraft [3] . Belkharraz and Sobel showed the direct MRAC's ability to control a multiple input, multiple output linear plant in response to step inputs [4] , [5] , [6] .
The emphasis of this experiment was on the handling qualities of the longitudinal modes. Generally the phugoid is ignored for these cases. To stabilize and bound the phugoid, a simple proportional gain feedback loop was programmed to act on the change in airspeed. No other efforts to monitor or control the phugoid mode were required or attempted.
The adaptive controller used pitch rate error, model states, and pilot longitudinal stick inputs to create a command signal. Briefly, the adaptive algorithm consists of a pitch rate model given as
Adaptive Control Algorithm
An Adaptive Model Reference Controller was developed using the methods presented by Kaufman et al [l] . A system overview is seen in Figure 1 .
For the pitch rate control system, a reference pitch rate control model where Ym == qm. The model pitch rate qm was created to emulate a level one aircraft based on MIL-STD-1797A (the relevant information may be found in Yechout [8] ). The second order pitch rate model used was written in terms of damping ratio ( and natural frequency W n given a pitch (elevator) stick inputu m == b es (t) Handling qualities testing of adaptive controllers for fighter aircraft has not been extensively reported in the literature. A Cooper-Harper evaluation of an Ll Adaptive controller was completed by Cotting et al in 2008 [7] . The testing showed an L1 Adaptive controller could be implemented in a longitudinal simulator model with resulting in qualitative favorable ratings.
For this paper the longitudinal dynamics of an aircraft simulation were augmented using the direct MRAC technique. The handling qualities evaluation conducted used the Boundary Avoidance Tracking (BAT) workload buildup flight test technique to track a reference pitch signal. The goal of the testing was to quantitatively assess the adaptive controller performance when applied to a pair of F-4C longitudinal dynamic cases. The augmented system was compared to the baseline reference model it was designed to emulate, the open loop F-4C models, and another model purposefully constructed with known poor handling qualities. The algorithm would be deemed successful if it performed indistinguishably from the reference model in comparison with the open loop F-4C models and known poor handling model.
MODELING AND SIMULATION
Xm == AXm + BUm Ym == Cmxm· (3) (4)
Aircraft Modeling
The aircraft models used as the baseline airframe response were based on the linear longitudinal models presented by Yechout et al [8] . The linear state space model may be written as (5) The values for ( and W n for the level 1 reference model are provided in Table 1 . A level 3 pitch rate model was con- The direct-MRAC controller only requires an error signal e == Ym -YP (difference in model pitch rate compared to aircraft pitch rate), model states X m , and pitch stick input U m . In vector form, these signals are defined as the signal r(t) or T and t were the integral and proportional adaption coefficient matrices. For this example the matrices were assigned the value of T == 10001 and t I where I was the identity matrix of appropriate dimension. Analogous to traditional proportional-integral linear control systems the proportional adaption coefficient generally controls the amount of overshoot while the integral adaption coefficient increases the adaptation rate and reduces the steady state error. No attempt was made to find a "best" setting but as will be seen later the performance was adequate for tasks attempted.
Each adaptive gain, K e (error based), K x (model states), and K u (input) were programmed using a similar Simulink algorithm varying only in dimension. The control algorithm block diagram may be seen in Figure 2 .
The time varying adaptive gain was calculated from the equation
That is, each term of the right hand side of Equation 7 was comprised of a proportional gain and an integral gain. The adaptive (time-varying) gains were calculated from the equations such that the plant input control signal up was up == Krr.
Representative of the programming the adaptive model state gain K x is presented in Figure 3 . In this figure, the error signal (difference between model pitch rate and observed aircraft pitch rate) was one input, the second input represents a vector signal of model states. The signals were matrix multiplied, and then the proportional adaption coefficient matrix t x and integral adaption coefficient matrix Tx were applied. t x and Tx were sub-matrices from the corresponding elements along the diagonal of matrices t and T.
Experimental Setup
To to engage in boundary avoidance tracking, where the boundary to be avoided is the edge of the beam. A singular instance of BAT at one edge can drive the rider into the other edge where the process repeats until the bicycle and rider tumble into the abyss.
input Ku Figure 2 . Control Algorithm.
The command repeated itself every 20 seconds and was continuous at the reset point. The repeating signal may be seen in to quantitatively evaluate pilot performance for aircraft handling qualities and was described most recently by Gray in 2008 [9] . In this work the BAT theory was briefly summarized using a bicycle analogy.
The analogy of riding a bicycle across a beam has been a popular way to teach the concept of "gain" by graphically illustrating how the difficulty of the task changes the rider's inputs. Imagine the task of riding a bicycle down a straight line painted in the middle of a parking lot; this illustrates the low-gain rider. If you take that path and elevate it to a deadly height (i.e. a bridge without rails) then make the path narrower and narrower, the rider will clearly increase his effort to stay on the painted line; an increase in gain. If the path is narrow enough, the rider's gain becomes so high that he can no longer remain stable and oscillates off the narrow beam.
Traditional handling qualities analysis assumes that the risk of falling off the narrow beam increases the rider's gain, perhaps to the point of triggering a pilot-induced oscillation (PI0). BAT theory states that the rider actually controls in relation to the edges. As the rider approaches an edge he is said 4 confines of a time varying boundary initially set at ±400 centered on the command signal (that is it was initially equal to od ( t) ± 40°). When the command signal reset every 20 seconds the boundary collapsed by 75% of the previous value. The experiment terminated when the pilot could no longer maintain the measured output pitch angle within the upper and lower boundaries.
To track the command signal the pilot was presented with the display shown in Figure 5 . On the left hand side of the tape display a needle representing ()d ( t) pointed at the desired pitch angle. The upper and lower boundary were depicted by horizontal lines offset from the desired pitch angle needle. The system pitch angle measured output was indicated by a needle on the right side of the tape display. When the task was conducted, the right hand needle would move up and down the tape indicating measured pitch angle, while the left hand needle would move according to ()d (t) with a boundary lines remaining a set offset from the desired angle. When the measured pitch output could no longer be maintained within the boundaries the experiment would end. The time value when this occurred was defined as Tf. "bus" were recorded. The data were analyzed using two different methods, performance results and aggressiveness versus duty cycle plots. The Adaptive Level 1 Model Follower was able to provide a system pitch rate to pilot commands which closely resembled the reference model pitch rate. Figure 6 depicts a typical pitch rate for the adaptively controlled system. The reference model pitch rate to an elevator command was generated in degrees per second. The difference between the reference model pitch rate and the achieved pitch rate was also calculated and plotted (this is the error signal, e, which is one of the inputs to the adaptive controller). The figure shows the error rate was small in comparison to the reference model pitch rate.
The subjects used in this study were USAF Test Pilot School instructor test pilots. The pilots were from various flight backgrounds with no less than 2000 hours of flight experience. The pilots were trained in recognizing different flight models and characteristics and could be expected to perform maximum compensation necessary to obtain results. Therefore the experiments designed were necessarily challengingthe pilots were never asked not to perform at their highest capability. 
TEST CONDUCT, RESULTS AND ANALYSIS
Seven trials were conducted where seven pilots performed the boundary tracking task. The pilots each "flew" the simulator in the configurations shown in The test trials were conducted in the following order: Trial 1, followed by a random ordering of Trials 2-5, Trial 6 and Trial 7. As the pilots in the study were familiar with the BAT technique and by studies of this nature, it was the opinion of the test team that pilot learning and adaptation to the task would not significantly affect the results. All data on the Simulink
The next two figures, Figure 7 and Figure 8 , were created to show typical data gathered for each trial. Figure 7 shows a typical result for the Adaptive Level 1 Model Follower. For this case the pitch angle changes were smooth and the pilot was able to avoid the boundaries for an extended period of nearly 100 seconds. Contrast Figure 7 with Figure 8 . Figure 8 shows erratic pitch angle changes which were more oscillatory and of higher frequency than the desired pitch angle Od. This response was indicative of the test pilot's difficulty avoiding the boundaries when controlling the intentionally difficult to handle Level 3 open loop model. The pilot also exceeded the boundary and ended the trial in a much shorter time. This concept of performance was explored as the first quantifiable metric applied to the results of the experiment.
Performance
The first test result derived from the test data was performance. The overall performance was simply the length of time a specific configuration could be controlled before a boundary excursion occurred, or as defined previously T f . These results are shown in Figure 9 . A simple method to analyze the performance results was to compare the median values obtained by the pilots for the three trials. The Level audible device could be explored but it is the opinion of the test team simply slowing the rate of collapsing boundaries would be sufficient.
Using performance as a metric the direct-MRAC control scheme was similar to an open loop system with the reference model dynamics. The next analysis measure was to plot aggressiveness versus duty cycle.
Aggressiveness versus Duty Cycle
The second measure of performance was the comparison of the cross plot of aggressiveness versus duty cycle. An explanation of the terms aggressiveness and duty cycle as they pertain to the BAT technique is warranted.
Aggressiveness was a measure of available control power used by the pilot. For this experiment where pilot stick deflections were previously defined as bes(t), aggressiveness,
A c , was defined as In the above equation max b es represents the maximum allowable stick travel. To explain this term a pilot who held full aft or forward stick for the entire duration would have an aggressiveness equal to 100%. Similarly a pilot who controlled stop to stop without pause in between switching sense would also have aggressiveness equal to 100%. A pilot who used less of the available control authority would have a lower overall percentage. Large control movements usually indicate either complete confidence in the system or a desperate measure to maintain system performance for an untrained pilots. In general, USAF test pilots were trained to avoid abnormally large control inputs at the brink of control.
This definition of aggressiveness differs slightly from the definition first proposed by Gray [9] which defined aggressiveness as "root-mean squared per-second average of the inceptor measurand (position or force) rate of change." However it is the opinion of the research team for this experiment the refined definition was adequate measure of available control power used by the pilot. After characterizing aggressiveness, pilot behavior vvas characterized by another metric termed duty cycle.
Duty Cycle was the term used to characterize pilot in-theloop actions. In simple terms it was the percentage of time the pilot was moving the stick as opposed to holding it at a constant value. It is hypothesized pilot workload increases with increased duty cycle although task abandonment would be characterized by 0% duty cycle. For the purposes of this worth recalling that all data recorded were from pilots accomplishing identical pitch tracking tasks except for the dynamic model or algorithm evaluated. First, the Adaptive Level 1 Model Follower and the Level 1 Model were characterized by more aggressive inputs by the pilot than the Level 3 Model experiments. It was the opinion of the test team greater aggressiveness was the result of greater confidence in the system response. The second observation was duty cycle measured for the 3 categories of pitch BAT simulations were roughly equivalent. From these two general observations it was concluded the Adaptive Level 1 Model Follower was indistinguishable from the baseline Level 1 Model in terms of pilot aggressiveness and duty cycle but only clearly distinguishable from an ill-handling Level 3 model based on the aggressiveness metric.
Areas for Future Research
Future research based on the results of this study lie in two distinct arenas. The first arena is further application and development of the adaptive control algorithms, while the second arena lies in refinement of the boundary area tracking technique.
The adaptive control algorithm for this study, Kaufman's direct model reference adaptive controller, yielded encouraging results but it is noted the algorithm was applied in an admittedly benign environment. The ultimate goal is to apply the algorithm in a flight experiment on a fighter aircraft such as the USAF TPS F-16 VISTA, but in order to do so a buildup in mathematically rigorous simulation and theoretical development is required. Aircraft longitudinal model dynamics were linear, single-inputlsingle-output and de-coupled from lateral dynamics. The adaptive control algorithm may handle multiple-inputlmultiple-output square systems-a lateraldirectional application is a logical next step. Computer simulations to include handling qualities evaluations with a nonlinear model in a high-fidelity aircraft simulator should also be attempted where actuator and aircraft structural dynamics are also represented. An examination of the effects on system dynamics in general (especially stability) and aircraft handling qualities in particular of proportional versus integral adaptive gains as well as trade studies in weighting of input, state and error adaptive gains should also be conducted. Handling qualities evaluation test cases should be chosen which are traditionally difficult for adaptive algorithms-it is envisioned fast changing, unstable and non-linear dynamics with tight error tolerances would be interesting to study. A sideby-side comparison with learning adaptive algorithms (such as neural networks) or other adaptive schemes (such as fuzzy logic) may also be explored for handling qualities differences.
Where the path forward for developing the adaptive algorithms appears relatively straightforward, further refinement of the boundary area tracking workload buildup flight test technique requires some imagination. At its core the quantitative techniques for assessing an aircraft's handling qualities were successful in demonstrating the performance of the adaptive control algorithm versus baseline models, but it was not demonstrated (nor claimed) that the BAT technique was unique in its ability to deliver the data to arrive at this conclusion. A fundamental challenge of the BAT technique was the task dependence of its metrics of performance, duty cycle and aggressiveness. For the BAT technique to gain more universal acceptance attempts should be made to normalize the key metrics so that different tracking tasks may be directly compared. Once so defined, it may one day take a place with specifications such as allowable time delay, natural frequency and damping ratio.
CONCLUSIONS AND RECOMMENDATIONS
The direct adaptive control algorithm was successfully implemented on a longitudinal linear aircraft model based on 8 the F-4C airframe dynamics for both a stable model and a notional model with relaxed static stability. A desired pitch rate command model was developed and the adaptive algorithm was used to augment the F-4C airframe models. Using the Boundary Avoidance Tracking test, seven test pilots performed a simulator-based pitch rate tracking exercise. Based on Performance and Aggressiveness quantitative metrics the adaptive algorithm augmented system performed similar to the reference model it was set to emulate while the bare airframe and control group models chosen for their poor handling qualities were readily identified.
Based on the results presented, further development of the direct adaptive control algorithm with the goal of conducting pilot-in-the-Ioop evaluations using high fidelity simulation and in-flight test techniques should continue. The results also highlight the need to refine and normalize results derived from the application of the Boundary Avoidance Tracking workload buildup flight test technique to broaden its applicability.
ApPENDIX
The linear state space models require coefficient matrices A and B. The coefficient matrices were and (A-2)
The longitudinal dimensional derivatives values for the F-4C at flight conditions of 35000 feet, M=0.6 were reported by Yechout [8] and repeated in Table A-I. Three tables (Tables A-2 , A-3and A-4) summarize the test results. 
